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PREFACE 


This study was performed during the period February through 
May 1953 in the Materials Testing Laboratory of the U. S. Naval 
Postgraduate School, Monterey, California. The work was under- 
taken in an effort to tost a means of predicting cumulative 
fatigue life for machine parts subjected to varying loads. 

Tne author wishes to acimowledge the helpful suggestions 
and efforts in the proparation of this study received from 
Dre Robert E. Newton, Professor of Mechanical Engineering at the 
U. Se Naval Postgraduate School. In addition tho author wishes 
to thank lire Je A. Octavec for the extreme care exercised in tho 


preparation of the test specimens. 
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SUMMARY 


The purpose of this study was to determine the feasibility of 
damage lines for predicting the cumulative fatigue life of machine 
parts subjected to varying loads. flour type SF-2, Sonntag Flexure 
Fatigue Machines were employed using type SF-2, specification #1, 
specimens. The specimens were manufactured from 248-T4 0.065 inches 
thick sheet aluminum. The test results were analyzed statistically 
because of the large scatter normally encountered in fatigue testing. 

The basic S=<i] curves were established with limits of scatter 
represented by probability limits of 90% determined from the standard 
deviation at the four stress levels used. Two damage lines were then 
established using the same methods as above and tested for reliabi- 
litye ‘wo hundred ninety-seven tests were conducted in alle 

The results indicate that damage lines can be constructed on 
the S-H diagram with great time and cost involved. The tests to 
determine their accuracy showed them reasonably reliable. There 
was an indication that a simpler theory based on predicting the 
value of SY, equal to unity could be used for a portion of the 


stress spectrum for the aluminum tested. 





CHAPTER I 


Introduction 


The study of the behavior of metals under load application 
of varying amplitude is an important problem facing the design 
engineere 

Since most fatigue tests are run under conditions of 
constant load amplitude during the application of cycles of 
stress, producing the familiar S-N diagram, the question is 
raised as to whether we can use the S=N diasram for predicting 
the life of a part subjected to varying loads. 

One of the earlier investigations in this field was made 
by &. S. Miner, (2), in which he proposed that the cumuletive 
fatigue life of a part under varying loads be computed using 


the following equation: 
7 = —_ 
Yap, OO. teen o =a = 7.10 


where nm, = number of cycles applied at stress S). 


Ny oS nunber of cycles of fatigue life on 5S= curve 
at stress oi° ; 
Mo = number of cycles applied at Stress Soe 
No = number of cycles of fatigue life on S-! curve 
at stress So-« 
“Ny = cycle ratio at S,, Ma) = cycle ratio at So. 
= Gor cumulative cycle ratio or cumulative fatigue life. 
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In the experiments carried out to support this hypothesis, 
Miner obtained an average value of cumulative cycle ratio equal 
tO unity, However, his tests were too) fewein numoer to sustain 
the hypothesis. Subsequent to itiner's work many investigators 
heave concluded that very often the individual results have been 
too far removed from unity to justify use of this hypothesis. 

f, study of the work in this phase of fatigue seems to indicate 
that when the stress is reduced in a series of stages the value 
of 5% is less than unity. When the stress is increased in a 
series of stages the value of SW is greater than unity. 

Of the various hypotheses presented in this field, the one 
analyzed and tested by lowmark and Richart[L 4 J seems to 
offer the most promise of overcoming the above mentioned shorte 
comings of. Miner’s hypothesis. In brief, the hypothesis is based 
on the assumption that the damase to a fatigue test specimen 
depends on the cycle ratio, tA/ » but the dependence is different 
at different stress levels. 

The implications of this statement can best be explained by 


use of Fig. 1 below. 
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Fig |. PLOT SHOWING DAMAGE LINES ON S-N DiaGRAM. 


In this plot the basic S-li curve is supplemented by the 
curves Dyand Do which are called constant damage lines. tJnese 
constant damage lines are defined as the lines connecting 
points at different stress levels which have an equal "degree 
of damage". We note that the parameter assigned D, and Do 
must necessarily be arbitrarye 

As can be seen by analyzing Fig. 1, damage lines construced 
in accordance with iliner's hypothesis would consist of a series 
of 5-N curves displaced to the left. The latter hypothesis 
mentioned, however, indicates that these lines will be skewed 
With reference to the basic Sel¥ curvéee 

The method of obtaining cumulative effects at different 


stress levels is illustrated in Fige le 


on A. axe 





Consider that we stress a specimen as follows; apvly nj, cycles 
of Stress 8], nocycles of stress So, followed by stressing to 
failure at stress Sz. Using the diagram, we first proceed at 
stress S,)for mecycles to tne point a on Dj. “ie then proceed 
a long Dito point b, move out at constant stress Sofor nocycles 
to the point c on De, proceed along the constant damage line 
D>to point d a nd stress to failure at Sz. Theoretically there 
should be nz cycles remaining at stress Sg. The resulting vatue 
of cumulative cycle ratio is obtained by adding the individual 
cycle ra tios at the three stress levels. Newmark and Richart 
made a series of tests to verify this hypothesis but their 
tests were too few in number to validate it. 

Past experimental evidence gathered on all types of fatigue 
testing indicates that the problem of fatigue is statistical 
in nature, hence any attempt to prove or disprove the hypothesis 
S could be suojected to statistical methods. In view of tnis, 
1t is the purpose of this paper to describe an experimental 
progra m carried out to determine the feasibility of the 


damage line hypothesis, using statistical metheds of analysis. 





CHAPTER IT 


Material, Ifethod of Testing and Procedure. 


The 248-74 0.065 inches thick sheet aluminum alloy used in 
the testing was obtained from standard Navy stock. It was 
packaged for shipment to prevent damage from handling. Standard 
1 5/8 inch cantilever specimens, SF=2, specification fl, detailed 
in Fig. 2, were machinod in the machine shop of the U. S. Naval 
Postgraduate School for use with four Sonmtag Flexure Fatigue 
machines, type Sr=2, The machines are constant repeated force 
fatigue machines using an eccentric mass to generate the forcee 
The eccentricity of the mass is adjustable giving a maximum force 
Pat the free end of the specimen according to the following 


formule. for the specimen used: 
Uae Foes 
Be 
O = STLESS AT CUTER FIBRES, 


fF = LOAD AT FREE END OF CANTIMEVER, 
w% = SPECIMEN THICKNESS , 


The maciines were carefully tuned for natural frequency using the 
procedure as outlined in the manufacturer's instruction book. 

ie specamens«werewmmachined fromethewsheet stock so that the 
length of the cantilever was in the direction of rolling. This 
direction was chosen because previous tests by Oberg, T. Te and 


Rooney, R. Je 35 J indicate that this direction yields the least 
Gow 





scatter in test results. Upon final machining the specimens 

were polished with 00 and 000 polishing sanee to remove the 

oxide film and any machining scratchese Specimen thicimess was 
measured using a micrometer and interpolating to the nearest 
ten=-thousandth of an inch. live Bae nate were rejected prior 
to testing. Specimens 36 and 55 were not used in establishing 
the S-N curves because the eccentric mass shifted during the run. 

The S=- curves were established by conducting fourteen tests 
at each of four different stress levels, namely 59,400, 55,000, 
29,600 and 25,400 psie Frequency distribution diagrams of the 
number of cycles to failure, N, at a given stress level were 
skewed whereas the frequency distribution of log ll assumed a more 
nearly normal shape. Therefore, for purposes of this paper the 
logarithmic - normal distribution was assumed. This procedure is 
in agreement with the majority of investigations of this nature, 
eeg. Epremian, 3. and Mehl, R. F.[C/ and Sinclair, G. Me. and 
Pema t. 3, LG J] . 

The fourteen tests at each stress level were analyzed using 
established methods for determining standard deviation as described 
by Scarborough, Je Be [4 |] Using the standard éviation 
obtained, probability limits for 90% were obtained for representing 
the scatter at each of these stress levols. The results-are plotted 


in Fige 5 with P = 0.50 representing the mean value of these tests 
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and P= 0.05 and P = 0.95 representing the upper and lower limits 
of the 90% proba bality band. The standard deviations and mea n 
values of log N are listed in Table 4. 

The next step in the procedure was to establish damage lines. 
The decision was made to use the stress levels 39,400, 33,000, 
and 29,600 psi for establishing these lines, inas. much as tine 
involved in testing at these levels would be less and would 
permit more thorough analysis. During the course of the test 
program it became apparent that the inclusion of the 25,400 psi 
level would be desirable. This stress was, therefore, included 
in the procedure during the latter stazes of the program. 

The first damase line was established by pre-stressing the 
specimens at 39,400 psi for 1/3 N, or 17,500 cycles, followed 
by testing to failure at the lower levels. Fourteen tests were 
conducted for each variation of this procedure. The damage 
points were obtained at each stress level by assuming logarith- 
micenormal distribution as before, and working back from the 
mean value of log N at each level with the values of cycles 
remaining at that stress after the prestress. The results of 
these tests were analyzed in the same manner as the first croup 
of tests for obtaining standard deviation and the 90% probability 


limits. These results are plotted in Fige4 with the probability limits 
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plotted as points superimposed on the original 5-N band shown 
in Fig. 3 and reproduced in Fig. 4. (The original S-N band is 
reproduced similarly in Figs. 5, 6, 7, 6 and 9.) It is noted 
that these damage points represent 1/3 WN only at the prestress 
level, 39,400 psi, therefore future reference to these damage 
points or the damage line will be enclosed in quotation marks, 
CeGey "1/5" damage line. 

In a similar manner the second damage line was established 
by prestressing the specimens at 39,400 psi for 2/3 N or 35,000 
cycles and testing to failure at the lower levels. These results 
are wpresented in Fig. 5. This line will be referred to as the 
12/3" damage line. Individual test results for both the "1/5" 
and the "2/3" damage poimts aro tabulated in Table 2. Standard 
deviation and mean log N are given in Tables 5 and 6 for these 
testse 

faving established the damage points, tests were then made 
to determine their validity when the prestress and the test stress 
were interchanged. For maximum testing it was decided to run only 
five specimens for each of the variations of this set. The follow- 
ing program was set up to include testing at two and three stress 


levels e 
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TWO STRESS LEVEL TESTS (80 TESTS) 


Prestress to "1/3" Damage 


Prestress 


33,000 
33,000 
33 000 
29,600 
29,600 
25,400 
25400 


25,400 


to "2/3" Damage 


33,000 
33,000 
33,000 
29,600 
25,600 
25,400 
25,400 


25,400 


-lO= 


Test Stress to Failure 


39,400 
29,600 
25,400 
39,400 
33,000 
39,400 
33,000 


29 ,600 


Test Stress to Failure 


39,400 
29,600 
25,400 
39,400 
33,000 
39,400 
33,000 


29,600 
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THREE STRESS LEVEL TSSTS (60 THSTS) 


Prestress to Test Stress to Test Stress 


"1/3" Damage "2/3" Danage to Failure 
39,400 33 ,000 39,400 
39,400 33,000 29,600 
39,400 29,600 39,400 
09,400 29 4600 39 000 
33 ,000 39,400 33,000 
33,000 39,400 29 ,600 
33,000 29,600 39,400 
33000 29,600 33,000 
29 4600 39 400 39 y000 
29,600 39,400 29,600 
29,600 33,000 39 ,400 
29,600 33,000 29,600 


The results of the individual tests are given in Table 5 


and the limits of scatter are shown graphically in Figs. 6,7, 8, 
and 9 in a manner similar to that previously mentioned for the 
damage points. These tests were analyzed to determine standard 
deviation and the 90% probability limits as before. Tables 7 


lists the values of standard deviation and mean log ! obtained. 
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CHAPTER III 


Results and Discussion 


The results obtained from this study are subject to many types 
of errorse Some of thearrors would be present in any Patigue 
testing, whereas others are veculiar to the type machines used and 
techniques used. 

in the former category are non-homogeniety of the material 
and minor machining defects. In any metal it is impossible to 
obtain homogeniety of structure in sizes larger than single crystals 
ef the mietai, This is the lergest single factor which necessitates 
handling fatigue results statistically. No control of machining 
defects was exercised other than the polishing technique previously 
mentioned. 

Four type SF=2 Sonntag machines were available at the outset 
for testing, however, various troubles arose with Machines ;{1 and #43 
which rendered them out of commission temporarily. Machine #1 was 
used throughout the majority of the testing. Only nine tests were 
performed on Machine #3. lachines #2 and #4 were used throughout 
the program and no difficulty was encountered with them. The results 
obtained from the latter two machines appeared to agree quite well 
whereas ilachine #1 tended to give lower results, The use of four 
machines contributed to some of the scatter encountered but due to 
the low speed of this type machine multiple units were requisite 


‘to complete the testing program. 





Some errors introduced by experimental procedure include 
inaccuracy in reading specimen thiclmess with the micrometer, 
inaccuracy in setting the correct load on the machine, bending the 
specimen while loading, bending produced while changing. the load 
With a specimen installed, inability to read the counter on the 
machines closer than 1000 cycles, and the variables entering during 
the starting and stopping of the machinese For varying the stress 
levels in the two and three stress levol programs it was necessary 
to stop and start the machine once and twice, respectively, and to 
reset the load each time. It is considered practically impossible 
to change the load with the specimen in place without producing 
some bending in the specimen. This was avoided in the one stress 
level tests by setting the load before installing the specimen. 
With care the specimens can be loaded without producing any bending 
by first clamping the end of the specimen to which the force is 
applied and then setting uv on the "built-in" end. 

The composite 5-l] curves obtained for P = 0.05, 0.50, and 0.95 
are presented in Fig. 3e The width of the scatter band is deter- 
mined by the standard deviation and, as can be noted by referring 
to Fig. 3, tends to broaden at the lower level of stress. The 
values of standard deviation agree reasonably well with other 
investigations made on aluminum and it is therefore felt that the 


scatter encountered was normal, 
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The damage points established for "1/3" and "2/3" damage are 
shown graphically in Figs. 4 and 5. These points were esvablisned 
using the same number of tests as for the basic S-lN curves and they 
must be given equal validity to the S-N curvese As will be readily 
noted it would be very difficult to fair a curve througn these 
points. Displacing B and B' slightly to the left for approximatoly 
10,000 cycles and C and C’ to the right about 15,000 cycles (not 
an inordinate amount considering the total N at these levels) would 
make possible a faired curve for establishing the complete damage 
lines. It is interesting to note that the scatter bands obtained 
With these tests are smaller than those resulting when the specimens 
were tested to failure at one stress level. This is to be expected 
since part of the specimens! life was "spent" at the high stress 
level where the scatter band was only 25,000 cycles in width. 
Conversely, when the lew stress level is the prestress it is to be 
expected that the scatter band will be wider at the higher stresse 

Another interesting feature of these damage points is that the 
points A, B, C and At, Bt, C! establish lines which closely parallel 
the 5S-<" curvese This would indicate that for stress variation in 
this range the prediction by iWiner's hypothesis of 2. yz /0 is 
reasonably accurate. 

The tests at two and three stress levels to determine the 


validity of the damage points as established are shown graphically 





imeeuess Gy 7, Sand 9% Thessqattenof these tests is in the sane 
general range as that previously determined. There is, however, 

a displacement of mean life. This might be expected since the 
exact location of the equal damage points is not lmown, and yet in 
these tests we have applied the various cycle blocks considering 
them as definite points on the S-N curve. The general trend was 
for the mean life to be displaced to the right on the S-N curve 
when going from a low stress to a higher stress. This was not true 
in all cases. 

The values of cumulative cycle ratio tended to be lower for the 
three level tests than the two level tests. This could be attribut- 
able to the fact that the machines were stopped and started an 
additional time in the three level tests. 

in Table 3 are listed the cumulative cycle ratio predicted and 
that actually obtained. The predicted ratio is based on the damage 
points and the mean life. A study of these values indicates that 
for the tests conducted in the range from 29,600 psi to 39,400 psi 
the predicted cycle ratio is no more accurate than the simpler 
prediction of Miner's, ZY PLO « This indicates that if the stress 
spectrum for 2 given application has a short stress range, the nypo- 
thesis of Miner's is sufficient for predicting the cumulative cycle 
ratloe 


The locations of points D and D* indicate severe damage at 
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25,400 psi from a prestress at 39,400 psi. The tests to check 
the validity of these points are not as numerous as is desirable 
due to the great amount of time required to make them. Of those 
tests made from this lower level the general tendency is to sub= 
stantiate the prediction of cumulative cycle ratio greater than 
onee there are however, sufficient tests where the actual value 
of 8%J,is vory close to wity to indicate that Miner's hypo- 
thesis would be a safer prediction. 

The location of D and D' inside the 90% probability limits 
raises an interesting point. If the designer were to use these 
curves and desire to stay to the left of the P = 0.05 line, 
Pigse 2 and 3 would indicate that having prestressed a part to 
the 1/5 damage point at 39,400 psi, there would be no fatigue 
life remaining at the 25,400 psi level. And yet there would be 
Some fatigue life remaining at the higher and hence more severe 
stresses of 29,600 psi and 35,000 psi. This seemingly anomalous 
condition is caused by the large scatter band in terms of cycles, 
NW, at the 25,400 psi stress level. In testing from 1/3 I at 
09,400 psi to this level the averace life actually remaining at 
the lower level was approximately 200,000 cycles, with a low 
value of 129,000. This same condition prevails using the "2/5" 
damage line. This would indicate some conservatism in using the 
damage lines in predicting total life. 

A check was made of the 140 tests listed in Table 3 to see 
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what the result would be if liner's hypothesis were used to 
predict the Ly » basing the prediction on the P = 0.05 5-H 
line. Seven of these tests (5%) fell on the low side of this 
prediction and in each of these cases the prediction was only 
slightly low. In contrast, where the damage line and mean life 
was used to predict LW , fifty-four tests (38.5/5) fall on 
the unsafe side. 

Due to the large number of specimens tested, the writer nad 
occasion many times to watch the fracture develop in the specimen. 
The appearance of cracks on the upper surface of the specimens 
preceded complete fracture by a very few cycles of stress in the 
majority of cases. It was noted in some instances that a great 
number of cracks might develop on the surface before fracturee 
In the great majority of these cases the fatigue life of the 
specimen was very high when compared to those specimens under- 
going similar stressing. In all cases where the crack density 
was great the specimen was being stressed at the lower levels of 
stress included in the study. This raises the question: "Do 
the cracks stress relieve one another?" It appears that the 
cracks might be so oriented as to bring about mutual stress 
relief and thus prolong life. 

in view of the above a good portion of the scatter encountered 
in fatigue testing might be attributable to this stress relief 


phenomenon. If means were available for determining wnen the 
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CHAPTER IV 


Conclusions and Recommendations for Future Study 


The following conclusions are drawn from the results 
obtained in this studye 

Le For the aluminum alloy used, this study indicates that 
reliable constant damage lines can be obtained by the process 
of prestressing at a high stress level and testing to failure 
at lover levelse 

2e in the stress range from 39,400 to 29,600 psi the dan- 
age lines closely parallel the S-N curve so that in this range 
the damage line hypothosis is substantially the same as the 
hypothesis of Miner. In this range there is no advantage in the 
use of damace linese 

5» Ine damage lines drawn to include the lover stress level, 
29,400 psie, skew to the right with reference to the basic S-N 
curve in such a mammer as to predict values of yw less 
than unity when decreasing stress and greater than unity when 
increasing stress. The tests made including this lower level of 
stress show an overall tendency to substantiate this predictione 
The tests were too few in number, hovever, for any definite con- 
clusions to be drawn as to the feasibility of the damage lines in 


this lower band. 
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4, The two damage lines obtained in this work have a 
Similar shape over the complete stress spectrum investigated. 
This indicates the possibility that a complete band of constant 
damage lines might be made by obtaining a low and high value 
damage line experimentally and constructing the intermediate 
lines by grapnical interpolation. 

The conclusion expressed under 2 above is very important 
from the designer's viewpoint. If he were fortunate enough to 
have a stress spectrum in the range from 39,400 to 29,600 psi., 
this study indicates that the best procedure open to him would 
be to use iiiner's hypothesis basing his cycle ratios on the 
lower limit of the S-N band, or a curve such as P = 0.05. This 
would eliminate costly and time-consuming experiments to estabe 
lish damage lines. 

It is recommended that any future studies in this field 
should be pointed toward a program which will show conclusively 
the effects of the tendency of the damage lines to skew to the 
rignt at the lower levelse 

With regard to the damage lines it is felt that the similarity 
of the two lines constructed in this study indicate a strong possi- 
bility that the damage lines follow a pattern that would allow 
graphical interpolation. This requires further proof, however, 


with a program set up primarily to test its feasibility. 


yAOr 





le 


ae 


de 


4e 


Ge 


LIST OF REFERENCES 


Epremian, E. and Mehl, Re Fe 


ifiner 3 hi ® A e 


Oberg, T. T. & Rooney, R. J. 


Racuart , F, tee JY, and 


Newmark, N. Me 


Scarborough, Je Be 


Sinclair, Ge Me & Dolan, T. Je 


-2l= 


"Investigation of Statistical 
Nature of Fatigue Properties” 
NACA Technical Note 2719. 

"Cumulative Damage in Fatigue” 
Journal of Applied Mechanics, 
Vol 12, 1945, pp A-159-164. 

"Fatigue Characterists of 
Aluminum Alloy 75S-T6". ASTM 
Proceedings Vol. 49, 1949 
po 804-812. 

"An Hypothesis for the Determ- 
ination of Cumulative Damage 
in Fatigue". ASTM Proceedings 
Vol. 48, 1948 pp 767-800. 

"Numerical Mathematical Analysis" 

"Effect of Stress Amplitude on 
Statistical Variability in 
Fatigue Life of 755-T6 Aluninun 
Alloy." Advanced Copy of 

Paper on Technical ene Noe 31 

under Study at University of 


Li liviows-. 








Fig 2. Showing Speck men and (ounting | 





=aasl "Sanjprey $9 SBIIMLIDIVGLRGo4y SNOIMAVA AOY SOAAND N-G a Isedmo7 hy 


aanjyrey 02 “Wy 'sasakg 
“a 9% _-—— -«« 5 ead ——_— 7 Fad 
| 
| 
wu | iP i 
| | | 
4 Bee _—— i 4 i ) i ‘ * ‘ { ‘ * * = ° * GZ 
| | 
| | j 
| 
| i 
| | ) 
‘ ’ 
' —— | : | - >) rr ee =e = ae =e ee =d4-+ a —_——— 
| t { 
| | . { 
\ \ ' 4. = i pie | . ] | - +A —— a, OC 
| | | . | 
| | 
: = | i. 
m= Tie | A. . | 444.— —_~-—_—| 


asd 40 sooo) ‘ssas}¢ ,2anxa) 4 








+) 
{729%e) u2Pa 2Y SISI2b/) “GEO0«*d 97 GOO*S 94S 11 4429G +0 SJ m7 YWI™ 160 r06 66° ~~ waa) 7 anbirwy 
oe, 2 s60umeg oJ 6u)p avd > IA405 isd OOF 52 f 009 67‘ ooo €F 2° Ss470¢4 afouwog 6. “9YS 20) ghey 
aanjoageo. ‘A “@2709K9 
ord so 4 


i} | | | | : 


| . ae 


go 


19d 004 Gl 7R DAIIP SO auPs 3) 


= S=— — 


t , I%¢70C7 GY 20 PANT TH Weis V 


"asd goog 38 
| ) Dam rPs FZ OMIS72 PUP (N | D 
| | ‘ 9 \ “2 sap ko O95L/ Ase 75% O0VEE 2° 
Pe ~——niGka ft passrt,Souad SHdul Piad! 42¥ —e 
| asd OOOEE ZP 49,2076 49 S2 MIT ro) 








GNI9737 





/ ‘$Sa.4 3S )284NxK aly 








“(rm ye 32 S2COL I) “GOO»~dJ I2 GOO WOsp 497,025 4O SJIMIT YIM sd 006 ES 3R agiTandrpry 
Se 7o Dbamrg of Suspucdsassoy 5100452 9 0096% 000'CF 29 S}uroy abourg burmoys 2OKy 6 by 
aanpreg 02 ‘yy $apIh7 





MWASDOOSL +P Pause WuBs 


207069 6% IV D4978 SL JwPS 


- sd 000 FE 7 

rie 23 D2z{S] Pua (N &) 

‘9 syA 1 000S5¢ 40g red COOGE 22 
La SS242524oA Sau 1VISS 404 
IHVTOOO CE 38 4941RIS4O TJIMIZ 


GNJ9F7 





Sd yo SOOO/ ‘SH213G porrivay 








"(U“O72ZVIABA YORo FB SF527 GL (PAD 7S3S345O 'FYZOUR 2ZE BANTRY 2) PH LTAF PHP Sata TSS alIC DUO 3B RIO, 
abrutg oH, Of PASS aA asy suaulisadS 40+ GEO ag 97 GOO2gq WO4f A929T 1G £0 FJ ULIT burImoyo olf » oy 
aanpiey 02 ‘Wo saprk7 
so 9A 5 all o/ 





C ws i, a ec 
ZP 4m, Wy OF Das wa} Our @bauegq, 2 
2k gas Gk 104 7327 OC9bE o> passaiqzsasd 
sumer ods 104 9A 2OOGFT FR 494225 fOSTMNT b 
16d 009 67 
aR aurteed 22 pazic-10urlrbousg oy 
Sarks oC Ob 40s 719A OOHGT 22 ess? 1qsaud - — 
suapactamds top 797009 GT 4B 4yss2 8 +O 52°%'7 
' 150 Bo 767 
2F Sw ep pes Po Dsenpar (FomlOg , He I 
sw 200565 wag DeA000E ES {> Passzizsasd 
Sum 120S 6 194 IACGP EDGR 4ST LOTT UTT @. 
1s 000 €¢ 
gD oaniry ey forse, mus (abouwog, Y% ) 
Wt 200 00H 40+ WI 00KST 20 Le Seth eed 
Seaivr daw se ie COT SCS YR 42,7228 mw 7 DS 
. swe 00 £5 
SP p+) es 27 eee, Oe (2& “eg? Gd) 
Pap 2005 16 For A979 Bz IP = pe aud 
> q sug drnad, AGS WoC ee FP as ery e7 6 
1S DO 6E 
JP D4N7 704 w) LON se, AIR), aCCuLDT, YH? 
s puar2 Os 12 Ry 257A 0C% 671? PasSaszSasid 
Suc -~-/ Sy WHOOPEL 2B AOS Ree IW IT CD 
-e W206 Ge J! 
am ane, olen a whe” fy ) Setal > 
OS 6 ee trdaga le Pr aames wel 


) 
° 
nr) 


‘ 

r - 
+ 
.- 
| 

| 

) 


u) 
“) 


Iso 40 S,000/ ‘SSAA9G Le4Nnxapy 


| rue see it Ge S200 CF +" ta! s2oT VY 
rf So¢ ff rP 
If pM, 6 pee, awe F PGamFr ay Prasado 
i-~- -_ _ Wem teEe 4 ~ S Gest a tert “yeas _—— 


sem ats (04 Id Sep or di —tosew as 4O $2 «77 ro) 


GNi94 1 
» 








FIAGIZRVIARS UIVA ZV S3SDIG, lara Vusasg, 49 20UR BP 3247) Rs OF POISAQ PUT [BART SSA4}Q, 
DUO 72 247Q/ POM G, 6/7, 2} PITSIAZS AS SUIMUIIAIS 40% GEO =A 92 GOOHA mors 4944020 40 5p1MI7 burmays go £615 
BAN}IR ZO ‘ASIII 
90/ oo »O/ : Of 


: Ip Sr "S72 
+P D4") imi em) Prpsad pup (oboe %, ) 
wah” ooS 'SE/ 424 ash oo9 Gr 4? passaiysad 
Poa trad © 4m 95S 20057 Je sayyRasjosjely] ‘a 
ase 209 F7 
BR 324)774 02 so ta per (abasurg & / 
5 2)2h» IOBLH 19% F 00p Grae passe asad 
skouw | wedt 404 1S 909bL ~R FIIs OS, Mu OB 
"757 o00be 
4B 211/124 HV ISd) per (PbDUNG H ) 
sat > cocGep s+ rscoo$'st Ye pass24.sasd/ 
s4aiurradIS 404 18d OOOTH I? 4™mYRIS7O TIT Ok 
jad 80%” ——et 
De 2 2m771R ys Oy Pee ol mee (moo UvT ec 7./ 
sa12h2 cook 4% SS coo EE 0 weseltzses 
Seu Sec! ~ soy 2S Qu" ed sk vey arigngo TIIMOD @ 





wet 000 EF 
Jt aT (ba >. Pan pur obantad Cf.) 
Pa cA) 905 GEO 40% (5700962 9? pes oas34 aud — 


rv bes eee 16, |rSOOOCE SY Le ee Tie Og 
70S 206 CF 4 
Min pg ip op 4 elt Beet, y 
COS ‘Shi sa. el cosbe Yi aYRolosesd/ 
ptenes = Som — 70 J0b6 6670 tee IE pe Sylar] ~Q 
“df 006 6° —38¢ 
JY as Wet) (pee, pew OCe@eg %.) 
apeh 2 000 16 14% 8A Hoa Le 40 Pawmras2e aud 
CWeu tats 164 SAOCREE W 42H TWIT OO 
’ 18d OOF &F 
0 shinies @y Oly es buy (ol ound Ef) 
Sa XK. GOC O26 406 *sASO0p5% 7d ParvasySasd 
SK Dui yals 404 SW OOPES FP “BIPM! CPi 7 “EO 


JN35 37 


ISSO S000] ‘eSa13G [P4NK al, 








“IPA ST SSOMQS DAIYGZD TCE BITIIP£E OF DaZS OZ PUP PPAIDT SSB4A4S ADYIOUD JP 3.4704 DOP uo athe, O2 Dassas3s ‘raAe7 
IAQ DUO QP 2W1e@y D6PurIG wSrn Of DOSS AA35 94S suamr sade 4Of GEO Oud PF GO Oa Uosg 492} RP ISGO TL 1M17 burmoye ee ‘9 oiy 
aan) my on ‘wi sa2hQ 
hd 4 ood Ov 


‘YS 
Int te 








| | 4 
| . = | * 15S 009 GZ UB 247) 124 0) P29S22 DUP 





¢ on os. 23) S92 >008&5 104 150/ 000kE Ie 


Se +~—+~+—_\* =a -19/ OO9GT 2B 2INNITs.7 PRETDS Cun 

\ OP nn agri fae 99:1 G00 GE 4B Past 2195 

(3 boule Gr. 29) 52142 CQL) 104 >A CObbE I 
Tasgrasl ¢ IDIIS 204 nd 00 967 aB Sayers poszinwi zy’ @ 

jeomere ag a 








, ath my doo ait os pedi bur 
AB) Sa/2A | aCne 404 > *SAOOVET.& Pass 2435 
~ Sy > Nate see 251 90066 I 





| i A | | | | | . a\ \e-4 had putedanienclle 190762 2% 1311925 40 S207" 


ISS 40 $,000/ ‘ero4IC yoAN apy 





*(401BIADA YoRBO 
Pp SESes SF) [are Ssayns few er: ae HR D4 4/104 C2 POLSA}L PUL JIADT SSBAQQ 4OYiDUR AE ZUurey abowrg u "fe, OF PaAssa47G 


UDA] SSIAIG IVC AT WIGY FCOWTT Fp, VE SEATS PAY SUBUIZAAS 404 GE Oe 02 GO Ore WOML 4911226 40 531U17 buIMoUg AOS $14 
sanjrezar'ay'sapr2A9 
LO! 4c! “fl yl 0! 





‘9d oo 
tut (2 (ard Fz,97 ba ge 
Pesala: ( oP.£/. ay) er 
- 4 7, 9 pesssnryceed Su au minds 44 »laatb? uaa @ ie a, 
os/ oom BY 16 Panes os POE, - 
Se Se Gees co AME ig sen esr’ ecog, FR 
Perea: Cmtimmmg By wey # awe cs ut 104 MOOG? pk 
wares 27ers Cromurmads sor B9077 cate peace: oe 
-i af ety ll [=~ 
Ore CaS ret ty 02) S37 ~ he ~ Pe 
ote pro sias as (atemsred by 3.4) 6 ah ese 
S) ‘2, - tueaea tes per neds ta, 190/ 
. 2 pie hme ) as 
COC Np 4) CO ae it ts 
et re 403 lee 
rt nu ls ~<a Seems TE 6994? 
vans 0 P 













buy (Owe Pay, | Horo ant soy WA00% G7 We 
POSS BAES (WOTENE By O2)SHH) | OL 104 1 s 
pry 6 24)S aad Sree SL crten iat nie 7 


pli <n 
TS Pose tpt arf omal -- 


MESS as, astomaue’ wel 13 Sf00b BE WE dw - wat, © 











SPEC INVEN 
1 


oO ID mw ep wy 


E~- KF YF YP YP YP YP SY 
3 oO fm ~ 2 HD wm Bw CH 1) BH o 


21 
22 
25 
24 
25 
26 


28 
29 
50 
31 
32 
33 
34 
35 
36 
37 















MACHINE 


2 


Go nun fF G Fs N FG F YN BB FF YM F&F Y F&F YD BF YO BB WY Bw Wy 


io 


ny N 


Ky »F NY YF F&F YO KY & 


STRESS 
44,600 
44,000 
44,600 
59,400 
39,400 
335,000 
35,00 
33,200 
33,000 
33,0U0 
33,000 
39,400 
3,400 
39,400 
29,600 
29, 6U0 
29,600 
29,600 
29,600 
29,600 
40,500 
40,500 
40,500 
39,400 
39,400 
39,400 
25,400 
25,400 
25,400 
25,400 
25,400 
39,400 
39,400 
39,400 
39,400 
39,400 


59,400 





TESTS MADE IN ESTASLISHING S-N CUPVES 


CYCLES TO FATLURE 


36,000 
55,000 
26 , 000 
64,000 
49,000 
159,000 
115,000 
159,000 
114,000 
161,000 
135,000 
60,000 
62,000 
5?,000 
297 ,000 
205,000 
195,000 
172,000 
185,000 
273,000 
47,00 
59,000 
48,000 
94,000 
47,000 
61,000 


1,054,000 


1,015,000 


615,000 
669,000 
4y0,000 
49,000 
53,000 
48,000 
71,000 
86,500 
55,000 


SPECIE" 
58 
39 
40 
41 
42 
45 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
94 
55 
56 
57 
38 


39 





VACHING 
2 
4 


nO H ev) > oa (= 9 


pa KH 


le) 


i 


cas) 


> 


H~ »£ KY © 2 YP DY DW HB 


STRESS 
33,800 
33,800 
33,800 
29 5600 
29,600 
29,600 
29,600 
29,600 
29,500 
29,500 
29,600 
33,000 
33,000 
33,000 
25,400 
25,400 
25,400 
25,400 
25,400 
25,400 
25,400 
25,400 
25,400 
25,400 
39,400 
39,400 
39, 400 
39,400 
39,400 
33,000 
35,000 
33,000 
33,000 
33,000 
25,400 


25,400 


CYCLES TO FAILURE 


99,00 
80,000 
114,000 
211,000 
219,000 
218,000 
212,000 
227 ,000 
199,000 
17C ,000 
215,000 
115,000 
146,000 
110,000 
512,900 
597 , 200 
572, 00 
296 ,!00 
575,090 
501,000 
517,000 
406,000 
365,000 
465,000 
525,000 
51,000 
53,200 
41,990 
53,000 
131,000 
128,000 
143,000 
91,000 
97,000 
446,990 
586,000 






























SIMEN MACTINS pets erss 


4 39 , 400 
2 n 
1 i" 
r r 
2 " 
4 n 
2 " 
1 " 
A " 
2 " 
ib " 
2 " 
4 " 
1 n 
4 39,400 
2 " 
1 " 
2 " 
i " 
A 8 
2 a | 
4 n 
1 i 
QTA , : 
28h 4 " 
OA 1 " 
2 " 
‘S1a - " 
4 39,400 
2 tt 
1 n 
1 " 
4 " 
2 " 
r n 
1 8 
2 n 
4 " 
2 n 
at " 
4 " 
2 


Np 


17,500 


17,500 


17,500 


TESTS MADE IN SSTABIISYING DAMAGE POTNTS 


TESTS Eaee> Ne 


53,000 


29,600 


25,400 


69,000 
40,000 
52,200 
68,000 
57,000 
61,000 
67,000 
53,900 
104,000 
63,000 
62 ,000 
65,000 
99, 000 
50,200 
175,000 
125,000 
121,200 
170,000 
148,900 
114,900 
141,000 
161,000 
159,000 
117,000 
179,200 
145,000 
133,000 
113,000 
279,000 
293,000 
157,000 
129,000 
228,000 
1€4,900 
274,000 
220,000 
220,000 
274,090 
146,000 
138,000 
232,000 
224,000 


SPECIME! 


o7A 
SBA 
S9A 
60A 
61A 
62A 
66A 
67A 


T1A 
72A 
TSA 
T4A 


TSA 


10D 
11D 
12D 
15D 
14D 
15D 
16D 
17D 
18D 
19D 


20D 





‘AC TINE 


it 


nv Dp fe KY © KY KY DD F&F HY KY e Bw 


nN od ao vou HY 


> 


> OF NY KP F&F & YD KY BF DP fF YY NY Fe FOUR hULNDLlUlUDPUlUhrlLCUWN 





PRESTRESS 


39, 400 


39, 400 


" 


39, 400 


" 
" 


n 


35,U0U 35,000 


35,000 29,600 


35,000 25,400 


TESTST2=SS n 


17,000 
51,000 
27,000 
33,000 
31g00 
37,000 
367000 
55,000 
30,200 
56,000 
50,000 
20,200 
29,000 
12,000 
98, 000 
109,000 
93,000 
88 ,000 
55,000 
70,000 
69,000 
92,000 
57 ,000 
61,000 
9° ,000 
64,000 
53,000 
72,000 
98,000 
BO ,000 
86 ,000 
160 ,000 
93,000 
8,000 
171,000 
124,000 
186 ,000 
75,000 
123,000 
131,000 
93,000 
237,000 

























M. 0 -PRE- n+ 
STRESS 
4 $3000 59500 
2 " n 
1 " i 
A " " 
2 " r 
4 29600 71500 
2 n " 
1 n " 
2 " ' 
4 z . 
1 29600 71500 
A 4 I 
2 i n 
1 " " 
1 a " 
2 335000 59500 
Z " " 


484 4 “ : 
449A 2 a " 
50a 1 : : 


" " 
135500 

n " 

" " 

" " 

" " 


RP Nb fF YF F&F DO YP HH Ff KF LS 
o 
O° 
O° 





TEST 
STRESS 


59400 


we 


53000 





n- 


45000 
35000 
55000 
58000 
58000 
350000 
535000 
39000 
69000 
53000 
108000 
124000 
70000 
106000 
28000 
156000 
187000 
162000 
150000 
122000 


9g00C 

7000 
27000 
15000 

7000 
50000 
29000 
29000 
36000 
12000 
44000 


63000 





TABLE 3 
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TABLE 4 
STANDARD D&SVIATION AND MEAN LOG N FOR T'STS 


MADE IN ESTABLISHING THE S=-N CURVES 


STRESS NO. OFS TS MBEAN LOG N STANDARD 
DEVIATION 
59400 14 4.729 0.0600 
25000 14 02104 0.0800 
29600 14 De029 0.0670 
20400 14 592741 0.1420 
TABLE 5 


STANDARD DEVIATION AND MEAN LOG N FOR TESTS 
MADE IN ESTABLISHING "1/3" DAMAGE POINTS 


PRESYRESS Tesora NO. OF MEAN STANDARD 
TO FAILURE TESTS LOG N DUEVIATTON 


39400 33000 14 5.104 0.0623 

39 400 29600 14 Boe 5 0.0455 

39400 25400 be 5.741 0.0440 
TABLE 6 


STANDARD DEVIATION AND MSAN LOG N FOR TESTS 
MADE IN ESTABLISHING "2/3" DAMAGE POINTS 


PRBESTRESS TEST STRESS NO. OF ME AN STANDARD 


TO FAILURE T2]STS LOG N DEVIATION 
59 400 35000 14 oe 104 0.0530 
09 400 29 600 14 De9CO 0.0532 


09 400 20400 14 Oe 741 0.0567 





TABLE 7 
SHOWING STANDARD DEVIATION AND M=AN LOG N 


ENCOUNTERED IN TESTING DAMAG® POINTS 


TWO S@mGso SEVEL TESTS 


PRUESTRESS TO TST STRESS NO. OF MEAN STANDARD . 
“1/3' DAMAGE TOePAILURS # TeSTS LOG N DEVIATION 
o, 000 39 , 400 5 4.766 0.0695 
33,000 29 ,600 5 SwS46 0.0481 
56,000 25,400 5 Sew AAS 0.0248 
29 ,600 39 , 400 5 4,820 0.1402 
29 5600 53,000 5 5.201 0.0563 
25,400 39,400 5 4.765 O<iO5 
25,400 33,000 5 57261 0.0478 
2400 29,600 5 Soe Ce 1 Sie 
PRESTRESS TO TEST STRESS NO. OF MEAN LOG Sip . 
"3/3" DAMAGE TO FAILURE TESTS 

53,000 39 , 400 5 ACT.7 O SO7a4 
e000 29,600 5 ome o 0.0815 
33,000 25,400 5 5. mis 0.0609 
29,600 59 , 400 5 4.855 0.1086 
29 ,600 SaROOO 3. S71 0.0416 
25,400 39,400 5 4.769 0.1720 
25,400 33,000 5 5.069 0.0538 
25 5400 29,600 5 5.280 0.2320 





TABLE 7 (cont'd) 
THREE STRESS LEVEL TESTS 


PRESTRESS STRESS STRESS NO. OF MEAN ST ANDARD 
mo 1/5 mO 2/5 TO LOG N DEVIATION 
DAMAGE DAMAGE FAILURE 

39 400 33.000 29600 Beoled 0.0809 
39400 29600 33.000 5.057 0.0438 
39400 33000 39 400 4.736 0.0522 
39400 29600 39 400 4.645 0.1078 
33000 39 400 33000 5.036 0.0578 

33. 000 39400 29600 5255 0.0790 
33000 29600 39400 4.605 Gmc? 5 
33.000 29600 33000 5.002 0.0325 
29600 39400 33.000 JUS 0.0424 
29600 39400 29600 Seode 0.0615 

29 600 33.000 39.400 4.799 0.0458 
29600 33000 29600 5.3568 Oi aS 
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